coronal mass ejection (ICME) catalogue maintained by Richardson and Cane lists 106 Earth-directed events, which have been measured in-situ by plasma and field instruments on-board the ACE satellite. We present a statistical investigation of the Earth's thermospheric neutral density response by means of accelerometer measurements collected by the GRACE satellites, which are available for 104 ICMEs in the data set, and its relation to various geomagnetic indices and characteristic ICME parameters such as the impact speed (v max ), southward magnetic field strength (B z ). The majority of ICMEs causes a distinct density enhancement in the thermosphere, with up to a factor of eight compared to the pre-event level. We find high correlations between ICME B z and thermospheric density enhancements (≈ 0.9), while the correlation with the ICME impact speed is somewhat smaller (≈ 0.7). The geomagnetic indices revealing the highest correlations are Dst and SYM-H (≈ 0.9), the lowest correlations are obtained for k p and AE (≈ 0.7), which show a nonlinear relation with the thermospheric density enhancements. Separating the response for the shock sheath region and the magnetic structure of the ICME, we find that the Dst and SYM-H reveal a tighter relation to the B z minimum in the magnetic structure of the ICME, whereas the polar cap indices show higher correlations with the B z minimum in the shock sheath region. Since the strength of the B z component-either in the sheath or the magnetic structure of the ICME-is highly correlated (≈ 0.9) with the neutral density enhancement, we discuss the possibility of satellite orbital de- cay estimates based on magnetic field measurements at L1, i.e. before the ICME hits the Earth magnetosphere. These results are expected to further stimulate progress in space weather understanding and applications regarding satellite operations.
Introduction
Since the beginning of the space age in the late 1950's, "space weather" is a hot topic.
It deals with the space environment of the Earth's atmosphere from approximately 90 km altitude onwards extending all the way to the Sun. Strong disturbances of this space environment are primarily caused by solar flares, coronal mass ejections (CMEs) and associated solar energetic particles (SEPs). Owing to advances in solar research in the recent decades, today we know that CMEs cause the most comprehensive spectrum of space weather disturbances, including geomagnetic storms, aurorae, geomagnetically induced currents affecting electric power lines, heating of the outer atmosphere, and many more.
CMEs are huge clouds of magnetized plasma propagating from the solar corona into interplanetary space with speeds ranging from a few hundred up to ≈ 3000 km s −1 .
CMEs often reveal a three-part structure [Illing and Hundhausen, 1985] (Fig. 1 ): the front (leading edge) with its shock-sheath region , the void which comprises the magnetic structure of a CME (often with a magnetic flux rope inherited) and the bright core consisting of filament material. The occurrence rate of CMEs is closely related to the solar cycle, and varies from 0.3 per day at solar minimum to 4-5 per day on average at solar maximum [e.g., St. Cyr et al., 2000; Gopalswamy, 2006] .
Close to the Sun, the CME dynamics is governed by the driving Lorentz forces resulting from magnetic instabilities in the fields of active regions [Zhang et al., 2001; Vršnak et al., 2007; Bein et al., 2012] .
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In interplanetary space, on the other hand, the CME dynamics is governed by the interaction of the CME with the surrounding solar wind flow, whereby fast CMEs are decelerated and slow CMEs are accelerated [e.g., Gopalswamy, 2000] . This interaction process with the collisionless plasma in the interplanetary space is described by the magnetohydrodynamic equivalent of the aerodynamic drag force [Cargill, 2004; Vršnak et al., 2013] . Thus, the transit time and the arrival speed of an Earth-directed CME-which are both crucial parameters for space weather description and forecasting-depend on both the initial speed and the state and interaction of the ambient solar wind plasma with the CME. Typical transit times range between 2-5 days, depending on initial speed, mass and size as well as the speed and density of the surrounding solar wind plasma. The fastest CME events observed so far reached the Earth in less than one day [e.g., Liu et al., 2014; Temmer and Nitta, 2015] .
Part of the solar wind energy supplied to the Earth's magnetosphere is continuously deposited into the thermosphere via particle precipitation and Joule heating. This energy supply can be enormously enhanced when a fast CME with a strong southward magnetic field component arrives at the Earth's atmosphere, causing a strong geomagnetic storm [Gosling et al., 1991] . The enhanced energy input from the solar wind to the magnetosphere and its ultimate dissipation in the thermosphere causes heating and expansion of the Earth's thermosphere [Krauss et al., 2012] . During periods of high CME activity, short timescale (1-2 days) variations in the thermosphere are driven by magnetospheric energy input rather than by changes in the solar extreme-ultraviolet (EUV) flux [e.g., Wilson et al., 2006; Guo et al., 2010; Krauss et al., 2012] . Knipp et al. [2004] have shown
KRAUSS ET AL.: THERMOSPHERE AND GEOMAGNETIC RESPONSE TO ICMES that in case of extreme events the geomagnetic power contributes two-thirds of the total solar power at the Earth's thermosphere, with the major contribution from Joule heating.
The increase in the neutral density affects Earth-orbiting satellites in such a way that the drag force on the spacecraft is enhanced. The fact that some low-Earth orbiters (LEOs) are equipped with accelerometers allows the derivation of in-situ measurements of the current state of the Earth's thermospheric density. To this class of satellites belong the spacecraft of the projects CHAllening Mini satellite Payload [CHAMP; Reigber et al., 2002] and Gravity Recovery And Climate Experiment [GRACE; Tapley et al., 2004] .
In this paper, we present a statistical study of the thermospheric response to a sample of 104 interplanetary CMEs (ICMEs); most of these events caused a significant increase in the neutral density. The period under investigation covers seven years during the maximum and decaying phase of solar cycle 23 (7/2003 to 8/2010), including the "Halloween storms". Thermospheric density changes are derived from GRACE accelerometer measurements and compared with ICME properties measured by the Advanced Composition Explorer [ACE; Stone et al., 1998 ] and various geomagnetic storm indices. Due to the high correlations obtained, we were able to derive regression curve parameters, which we expect to be highly valuable for the improved estimates of future CME-related thermospheric density enhancements.
Data and Analysis
For the present study we analyzed all ICME events during the time range July 13, shock-sheath region, the start and end times of the magnetic structure (based on the plasma and magnetic field observations) and the minimum value of the geomagnetic disturbance storm time index (Dst) [Sugiura, 1964; Sugiura and Kamei, 1991] within the total ICME duration. For our statistical study we thoroughly analyzed the magnetic field characteristics of the ICMEs making use of measurements by the ACE satellite located at the Lagrange point L1. The response of the Earth's thermosphere in terms of changes in neutral density are derived from acceleration measurements provided by the GRACE mission, which has been orbiting the Earth at an altitude of ∼450-500 km since 2002.
Furthermore, we used various geomagnetic indices derived from terrestrial magnetic field measurements collected at ground-based observatories.
Magnetic field measurements
The ICME kinematics and its associated magnetic field were derived from in-situ measurements recorded by instruments aboard the ACE spacecraft -in particular the Solar Wind Electron, Proton, and Alpha Monitor (SWEPAM) [McComas et al., 1998 ] and the magnetometer (MAG) [Smith et al., 1998 ]. We used level-2 data of the proton speed (solar wind bulk speed) and the magnetic field (B z component in Geocentric Solar Ecliptic, GSE, coordinates) with a time resolution of 4 min (OMNI database) [King and Papitashvili, 2004] . In GSE coordinates the z-component is oriented orthogonal to the ecliptic, from which we derived the southward component of the magnetic field. We identified minimum values in the B z component separately for the shock-sheath region and the magnetic structure of the ICME. Bad or missing data were linearly interpolated. Time information, such as start and end of the disturbance, were extracted from the R&C list.
D R A F T October 14, 2015, 12:52am D R A F T Figure 2 shows the temporal evolution of the B z component, exemplary for an ICME event in May 2010. The shock-sheath region covers a period of strongly varying magnetic field (Fig. 2 , yellow area), with a minimum occurring on May 28 at approximately 11:00 UT. The second minimum occurs about 19 hours later when the magnetic structure of the ICME arrived (Fig. 2 , green area). During this period the B z component shows a smooth behavior and changing orientation, indicative of field rotation. The existence of a shock wave depends on the speed of the ICME relative to the ambient solar wind speed. For 82 of the ICME events analyzed in this study, a shock-sheath region could be identified in the in-situ plasma and field data.
Thermospheric neutral density
In order to gain knowledge about the response of the Earth's thermosphere to ICME events we analyzed accelerometer data collected by the US-German GRACE project. The GRACE is a dedicated gravity field mission, and therefore both satellites are equipped with accelerometers; the GRACE accelerometers were manufactured by the Office Na- the spacecraft. The transition from the along track accelerometer measurements (a x ) to atmospheric neutral densities can be established by 
We smoothed the density time series with a 5-min moving average filter to avoid single peaks biasing the results.
As an example, 2005; Bruinsma and Forbes, 2008] . For most of the analyzed ICME events, we found the maximum geomagnetic disturbance at high latitudes near the auroral region (with a latitude root mean square value of 73.2 • ).
Geomagnetic indices
Geomagnetic indices play an essential role in the space weather system, describing the response of the Earth's magnetosphere to effects of the changing solar wind. In the course of the past 80 years various indices were developed, which are monitoring the geomagnetic activity on different latitudes and time scales. Figure 4 gives an overview of the global distribution of geomagnetic observatories, which provide the measurements for the different geomagnetic indices.
For this study we analyzed ten different geomagnetic indices. Four of them (a a [Mayaud, 1971] , a m [Mayaud, 1968] a p [Bartels and Veldkamp, 1954] and k p [Bartels, 1949] ) are deduced from the quasi logarithmic K-index [Bartels et al., 1939 ]-a measure for the variations in the two horizontal field components. The hourly Dst index (derived from observations made by four near-equatorial observatories) describes the global symmetrical geomagnetic perturbations of the ring current-a current flowing westward around the Earth.
Further we analyzed the auroral electrojet index (AE) [Davis and Sugiura, 1966] , which is based on observations in the auroral zone and monitors the horizontal field in the east-west ionospheric current; it is constructed from the AU and AL indices, which represent the largest and lowest deviation from a base value at each station, respectively (AE = AU − AL). The polar cap index (PC) [Troshichev et al., 1988] [Vassiliadis et al., 1996] ; measurements are performed by the stations Thule and Vostok, therefore the index can be divided into a northern (PCN) and southern (PCS) part, respectively.
Finally, we included the SYM-H index which describes the longitudinal symmetric disturbance field in mid-latitudes for the horizontal component. Basically it is the same as the hourly Dst index and describes the same axial symmetric disturbances in the horizontal component [Iyemori et al., 2010] . The main difference is in the temporal resolution of the indices (1h versus 1min), i.e. short-term changes in solar wind parameters are reflected differently in the two indices. For more information concerning geomagnetic indices the reader is referred to Menvielle et al. [2011] .
Analysis
The time period July 2003 to August 2010 was chosen because of the availability of GRACE calibration data [Bruinsma et al., 2007] . During this time span the R&C list contains 106 ICME events. For two of them, no GRACE acceleration measurements are available. The remaining set of 104 ICMEs is studied in this paper. Starting with the disturbance time of the ICME (taken from the R&C list) we defined a time window of 36 hours over which we extracted the evolution of the various geomagnetic indices, the neutral densities (from GRACE) and the magnetic field measurements (from ACE). For every single ICME event, we derived from each parameter the peak value within the predefined time window. We thoroughly checked the data to ensure that the correct peak value is assigned to each ICME event. This is particularly important for time intervals containing more than one ICME event as well as for complex ICME structures.
To account for variations in the background thermospheric density (caused by the non-
KRAUSS ET AL.: THERMOSPHERE AND GEOMAGNETIC RESPONSE TO ICMES disturbed solar activity) we calculated the absolute density increase, i.e. the difference ∆ρ 490 between the peak density measured during the event minus the pre-event level, as well as the relative density increase in percent; for the correlation studies the ∆ρ 490 values were used. Exemplarily for two ICME events, Fig. 5 shows the evolution of the individual parameters. Additionally, each panel includes the progress of the neutral density in terms of an envelope function (red curves) as well as the detected peak values (blue circles). The envelope function was created such that it comprises the maximum density per satellite revolution (Fig. 5, a1, d1 ). This behaviour can be explained by the different methods in the baseline preparations for the two indices [Wanliss and Showalter, 2006] .
Notice that the a-indices (row c,f) exhibit a rather rough structure, caused by their low temporal resolution (3h). The AE index shows disturbances throughout the whole ICME events and even beyond that (b2). Comparing the two polar cap indices (b1,e1) we see larger differences during the most disturbed period than before and after the event, implying different conditions in the polar cap regions [Lukianova et al., 2002] .
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the atmosphere compared to the density level before the perturbation (Fig. 6) 
Results
In a first step, we compare the in-situ measurements by the ACE and GRACE spacecraft in terms of magnetic field strength (B z in GSE) and thermospheric neutral density (∆ρ 490 ),
respectively. Additionally, we use of the maximum speed (v max ), measured over the entire ICME structure as given in the R&C list. Figure 7 shows scatter plots of the thermospheric density increase ∆ρ 490 versus B z , v max , as well as two combinations of these quantities. On the one hand a proxy for the convective electric field [Burton et al., 1975] represented by
on the other hand a proxy for the energy input via the Poynting flux into the magnetosphere by magnetic reconnection [Akasofu, 1981] defined as
From the regression analysis we derive the lowest correlation coefficient (cc = 0.69) for the maximum solar wind speed during the disturbance period (v max ), inferring that this In contrast to v max , the quantities B z , E and S show a much higher correlation with the thermospheric density with cc = −0.92, cc = −0.88 and cc = −0.81, respectively.
The latter correlation coefficient is particularly influenced by one extreme ICME event;
excluding the gigantic Halloween ICME (October 29, 2003) from the calculations leads to a significantly increased correlation coefficient between the ∆ρ 490 and S of cc = −0.90. Fig. 7 (top left) also indicates that ICME events with hardly any thermospheric response are associated with a small B z component (<10 nT).
In the next step we analyzed the correlation between the neutral density increase ∆ρ 490 and the different geomagnetic indices. Between the density increase and the AE index a non-linear relationship can be observed. Analyzing Fig. 8 (top, right) we see different behaviours depending on the geomagnetic activity level. Only minor density increases are visible for AE values up to 1000
nT. Above this value, we recognize larger scattering and some indication of saturation.
The lower correlation between the AE index and the thermospheric densities is in agreement with previous findings Baumjohann, 1986; Chen et al., 2014] .
These authors revealed some limitations concerning the measured quantity (H-field), the existence of longitudinal gaps and the small latitudinal range of the contributing observatories. Compared with the other indices the correlations between the density increases and the polar cap indices (PCN, PCS) are smaller. However, it should be noted that for some ICME events no PCS data was available which excludes some of the strongest events ("Halloween storms" in October/November 2003). Table 1 summarizes all determined correlation coefficients with regard to the atmospheric density ∆ρ 490 and magnetic field component B z . In general, the correlations between B z and the geomagnetic indices are very similar to those of the neutral density.
Again the highest correlations are found for the a a , a m , Dst and the SYM-H index. Likewise, the more exponential relation with the AE and k p indices and the slightly poorer correlations with the polar cap indices.
Analyzing the minimum in the B z separately for the shock-sheath and the magnetic structure of the ICME we may deduce some additional information. For some events, no shocks are reported, and the leading edge of the ICME might be stated as the on the methods used to identify ICMEs. For 82 out of the 104 analyzed events it was possible to detect and distinguish between the shock-sheath region and the magnetic structure of the specific ICME. For this subset of events we identified the peak values in the neutral density and the various geomagnetic indices separately for the shock sheath region and the magnetic structure of the ICME. As a result, Fig. 9 illustrates the minimum B z component, either found in the shock-sheath region (red squares) or in the magnetic structure part (blue squares) of the ICME, against the neutral density increase and the different geomagnetic indices, for the particular region.
For the a-indices and the AE index no significant differences in the regression line between the two specific regions are visible. However, large differences are present for the polar cap indices (PCN, PCS), indicating that both correlate better with disturbances triggered at the time of arrival of the shock sheath region (red regression line). In contrast to that, the hourly Dst index as well as the SYM-H index show better correlations when the minimum B z component is detected in the magnetic structure of the ICME.
Finally, we examine the time of occurrence of the neutral density and the the peak for the geomagnetic indices. We find the peak times coincide significantly better with the times extracted for the minimum B z value in the magnetic structure rather than for the B z value in the shock-sheath region (ratio: 4:1).
The complete list of the selected peak values of all quantities discussed in this study is available as supporting information.
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Discussion
Based on the ICME catalogue maintained by R&C we have analyzed 104 ICME events for the period July 2003 to August 2010. We studied the relationship between geomagnetic disturbances and thermospheric densities derived from GRACE accelerometer measurements. During periods of geomagnetic disturbances the maximum of the signal was mainly found at high latitudes in the auroral zone (see, e.g., case study by Bruinsma et al. [2006] ).
By correlating magnetic field characteristics of the ICMEs observed by the ACE satellite we were able to derive linear regression parameters between the different measured quantities. We found that the majority of these ICMEs, cause a significant increase in the Earth's thermospheric neutral density. From the regression analysis, it turned out that the ICME parameter v max has a significantly lower correlation with the thermospheric density than the B z component or the combined parameters E and S, which are directly related to the energy input into the system. It is worth noting that the highest correlation coefficient is obtained for B z (cc ≈ 0.9), whereas the estimates for E and S do not yield improved correlations. Consequently, it is conceivable to obtain an estimate of the forthcoming maximum neutral density increase using in-situ observations of ICME characteristics by appropriate in-situ measurements from satellites at the Lagrange point L1 before the ICME impacts Earth's magnetosphere. Using real-time in-situ data, this would result in a lead time of some tens of minutes (depending on the actual speed of the ICME event). Furthermore, we can conform previous findings by Liu et al. [2010] , that Regarding the various geomagnetic indices we obtained high correlations with the thermospheric density as well as the B z component; especially the SYM-H index, hourly Dst index, a a index and a m index showed a good accordance (cc ≈ 0.9). However, it is worth noting that, the a-indices have a lower temporal resolution of three hours, which might lead to limitations in detailed space weather monitoring [Menvielle et al., 2011] . No linear relationship with the geomagnetic activity could be established for the AE and k p index.
Subsequent investigations concentrated on the separation of the magnetic field observations B z in the shock-sheath region and magnetic structure of the ICME. We found that the hourly Dst index and the SYM-H index correlate better with the B z component when the peak values are extracted from the magnetic structure part of the ICME. Contrary to that, the polar cap indices (PCN, PCS) showed higher correlations with the B z minimum located in shock-sheath region. From a temporal view the occurrence times of the peak values in the neutral density and the geomagnetic indices coincide better (75% of the cases) with the time of the minimum B z component in the magnetic structure of the ICME. However, strong perturbations from the shock-sheath region may cause an additional enhancement in the atmospheric neutral density [Yue and Zong, 2011] .
Finally, an important field of application of space weather is the induced satellite orbit decay due to variations in the atmospheric density. By using different parameter types (C D , A ∆ρ) elaborated in the present study we determined the orbit decay rate in terms of changes in the mean semi-major axis following Chen et al. [2012] . Comparing the evolution of the neutral density (Fig. 10, top) and the orbit decay rate per day (Fig. 10, bottom) it becomes apparent that these quantities reveal an almost one-to-one relation. As a result, the distinct linear relationships derived between thermal density enhancements and the ICME B z component can in principle be used to predict the orbital decay rates from the ICME measurements at L1 upstream of Earth. An evaluation of this approach will be the topic of a forthcoming study. Supporting data are included as a 
